INTRODUCTION
Primordial germ cells (PGCs) are the founder cell population of the gametes. In the mouse they are distinguishable at 7.5 dpc (days post coitum) as a small pool of cells having high alkaline phosphatase expression (1) (2) (3) (4) . They emigrate from the hindgut epithelium at 9.5 dpc through the dorsal mesentery (10.5 dpc) and into the developing genital ridges by 11.5 dpc (5-7). There they continue to proliferate until 13.5 dpc when in the male they arrest at mitosis and in the female they enter meiosis. The germ cell deficient (gcd) mutation (8) is a recessive, transgenic insertional mutation in which there is a drastic reduction of PGCs in the developing genital ridge, resulting in male and female infertility in the adult. The male phenotype of a vacuolated testis, with very few functional tubules, is similar to the azoospermia phenotype seen in infertile human males. The female phenotype of rapid follicular depletion resembles the premature ovarian failure syndrome (POF) seen in infertile females (9, 10) . Thus, determining the exact defect in the gcd mouse and its underlying genetic basis could have considerable impact on these surprisingly common clinical syndromes. We report here that the gcd phenotype is due to the deletion of a single novel gene, Pog ( proliferation of germ cells) which encodes a protein with a plant homeodomain (PHD) motif at its C terminus (11) . Pog is critical for normal PGC proliferation, starting between 9.5 and 10.25 dpc when germ cells begin to migrate into the developing genital ridge. It does not affect their normal migration pattern. Deletion of Pog is also accompanied by reduced embryonic body weight and, on some genetic backgrounds, embryonic lethality. Thus, in addition to being necessary for PGC proliferation, Pog may have a wider significance in early embryonic development.
RESULTS AND DISCUSSION
Total PGC numbers in 8.5 and 9.5 dpc gcd embryos were estimated after whole mount alkaline phosphatase (AP) staining. No difference in PGC number or migration pattern was seen between gcd/gcd and gcd/þ or þ/þ littermates at these stages (Fig. 1A) . 10.25-10.5 dpc embryos were then fully sectioned, stained for AP and the number and position of PGC's in each section recorded. It was found that the germ cell deficiency could be detected at 10.25 dpc with gcd/gcd homozygotes having approximately one third the number of PCGs found in their normal gcd/þ or þ/þ littermates (Fig.  1A-C) . Homozygous gcd/gcd PGCs were only found in the developing genital ridge or in the dorsal mesentery near the genital ridge (5, 7) . No PGCs were found in any other tissues indicating that germ cell migration was following the normal pathway. Further, PGCs from gcd/gcd and þ/þ 11.5 dpc embryos were found to have colonized the genital ridge indicating that there was no temporal change in the migration pattern (Fig. 1B e and f) .
In this analysis, gcd/gcd homozygotes were generated by intercrossing (C57BL/6xFVB)F1 gcd/þ heterozygotes and all genotypes were obtained in the expected Mendelian ratio. In contrast, on a predominantly C57BL/6 genetic background (N8), it was found that although gcd/gcd mice could be obtained in normal numbers up to 9.5 dpc they were virtually absent by 10.5 dpc. It was also noted that on the permissive C57BL6xFVB background, although normal numbers of homozygous gcd/gcd embryos were obtained, they were significantly smaller than their gcd/þ or þ/þ littermates at 10.5 and 11.5 dpc ( Fig. 1D and E). This weight difference was no longer manifest at birth.
Taken together, these data suggest that the germ cell deficiency is due to a defect in normal PGC proliferation, rather than migration, beginning between 9.5-10.25 dpc, just as the first PGCs begin to enter into the genital ridge. They also show that the development of the embryo proper is compromised by the gcd mutation at this point.
In order to identify and clone the gene responsible for the gcd phenotype, sequences flanking both ends of the transgenic insertion (l3.1 and l3.19) were obtained from a gcd/gcd genomic phage library. A single 200 kb BAC clone (RPCI253D2) spanning both breakpoints was subsequently identified and its gene content estimated by shotgun sample sequencing ( Fig. 2A) . Altogether 360 subclones were sequenced, five of which matched EST records in the database corresponding to two distinct genes, Vrk2 (mouse ortholog of the human vaccinia virus related kinase 2, VRK2) a serine/ threonine kinase (12,13) and a novel gene provisionally termed Pog. The insertion of the goat b-globin transgene caused an $150 kb deletion of mouse genomic DNA removing exons 2-11 of Vrk2 and exons 4-14 of Pog ( Fig. 2A ). Vrk2 and Pog are transcribed in opposite orientations, their last exons, (exon 11 of Vrk2 and exon 14 of Pog) overlap and are transcribed off complementary DNA strands. Northern analysis and RT-PCR indicate that both genes have a widespread expression pattern, including 10.5 dpc embryos and adult gonads (Fig. 2B, ref. 13) .
Mouse Pog encodes a protein of 375 amino acids and contains a plant homeodomain (PHD) zinc-finger motif (C4HC3 consensus sequence) at the C-terminus (11) (Fig. 2C) . A blast search of GenBank revealed a human cDNA sequence with 77% nucleotide identity to mouse Pog (Ac. No. AK001197). Analysis of the human genomic sequence showed identical intron-exon organization and orientation of mouse/human Pog/POG and Vrk2/VRK2 genes. The POG protein is well conserved between mouse and human, showing an overall 79% amino acid identity. Drosophila melanogaster and Arabidopsis thaliana each has a protein sequence with weak similarity to mouse and human POG (Fig. 2C) . The similarity is not confined to the PHD domain although it is more prominent in this region.
To test whether deletion of Vrk2 was responsible for the gcd phenotype, BAC rescue was performed. BAC 253D2, which contains the complete mouse Vrk2 coding sequence and upstream promotor/control elements, was microinjected into fertilized FVB/N eggs. Expression of the resulting transgene in the adult gonads was confirmed by RT-PCR using a polymorphism in the 3 0 UTR of Vrk2 to distinguish endogenous (FVB/N) from transgenic (C57BL/6) expression. The Vrk2 transgene was introduced into the homozygous gcd/ gcd mouse background using a standard mating scheme and the histology of adult (4-6 week) testis and ovaries was examined. The phenotype of the transgenic Vrk2, gcd/gcd males and females was indistinguishable from that of the non-transgenic gcd/gcd littermates (data not show). This lack of complementation suggested that Vrk2 does not underlie the gcd phenotype and implied a role for Pog.
We examined the biological role of Pog using an insertional gene targeting approach developed by Zheng et al. (14, 15) . As shown in Figure 3 , homologous recombination leads to double stranded gap repair, duplication of Pog exons 9-13 and the insertion of the vector backbone DNA between the duplicated segments. The C-terminus of POG, which contains the putative PHD domain, was thus disrupted. (Fig. 4) showed that they had virtually identical sterility phenotypes with abnormal testis and ovaries, characteristic of the original gcd/gcd mutation (8). Testes were one third normal size with over 90% of the tubules containing vacuolated Sertoli cells but no developing germ cells (Fig. 4A-D) . It is interesting to note that in both gcd/gcd and Pog À /Pog À adult males there is some degree of re-population of the seminiferous tubules by germ cells (Lu and Bishop, unpublished data). In the affected female, the ovary was extremely small and the uterine horns were pale and thin. Very few developing follicles were seen compared to (Fig. 4E-G) . In addition, germ cell deficiency was confirmed in 10.5 dpc Pog À /gcd embryonic gonads (Fig. 5) . Significantly, the latter embryos contain an intact copy of the Vrk2 gene, but nevertheless manifest the mutant germ cell depletion phenotype. No histological abnormalities could be detected in the Pog À /Pog À lung, heart, spleen, kidney or liver (data not shown). Similar to the gcd/gcd crosses, Pog À /Pog À and gcd/Pog À embryonic lethality was seen on pure 129/Sv and (129/SvxB6)F1 backgrounds. In these experiments Pog À /Pog À and gcd/Pog À mice were generated (in normal numbers) on a mixed (129/SvxFVB)F1 and (129/ svxFVB)xB6 background, respectively.
These data demonstrate that it is the deletion of the Pog gene alone which is responsible for the germ cell deficiency, reduced embryonic body weight and, on some genetic backgrounds, embryonic lethality. Deletion of Vrk2 in the original gcd mice does not appear to contribute to the phenotype as gonadal dysfunction appears identical between Pog À /Pog À and gcd/Pog À mice even though the latter express Vrk2. Any somatic function of Vrk2 can presumably be replaced by redundancy within the protein kinase family (12) . Formal proof that Vrk2 does not play a role in the phenotype could be evaluated in future knockout experiments. The experimental data obtained here show that Pog is not necessary for correct germ cell migration, but is critical for proliferation of PGCs beginning between 9.5-10.25 dpc. It is at this point that embryos show lower body weight (or embryonic lethality occurs) suggesting that Pog also effects the development of the somatic tissues.
Only a few genes are known to specifically affect PGC proliferation in vivo. TGF beta signaling molecules, in particular, BMP4 and BMP8b (16) and their downstream signal mediators SMAD1 and SMAD5 (17, 18) , all affect PGC development to various degrees, but there is no evidence that POG is part of this pathway. Decreased PGC migration and reduced proliferation are also associated with the W (white spotting) and Sl (Steel) mutants which involve the c-Kit, receptor kinase gene and its ligand Scf (stem cell factor) respectively (19) . Unlike the W and Sl mutations Pog À /Pog À mice do not show defects in hematopoiesis or melanocyte development. The gcd phenotype is quite similar to that of Tiar À /Tiar À mice (20) . Both have reduced numbers of PGCs as early as 11.5 dpc and both show partial embryonic lethality. TIAR is an RNA binding protein involved in apoptosis (21, 22) . Our preliminary data using a TUNEL assay indicates that apoptosis is not involved in the gcd phenotype indicating that POG acts through a different mechanism.
As yet, is not yet known how the Pog gene exerts its effect on PGC proliferation. An analysis of the protein structure suggests that it is an intracellular protein encoding a PHD domain at the C-terminus. This motif is believed to be important in the regulation of gene expression, through interaction with other proteins and subsequent modulation of chromatin structure.
In summary, we have identified a novel gene, Pog, the deletion of which is responsible for the phenotypic lack of germ cells seen in the gcd mouse mutant. Pog is critical for normal PGC proliferation beginning at the time of their entry into the developing genital ridge, at 9.5-10.25 dpc. Beginning at the same time point, Pog null mice also show reduced embryonic body weight or lethality depending on genetic background suggesting that it may also play a wider role in embryogenesis. Identification of the pathway through which the POG protein acts during PGC proliferation should provide a better understanding of the biology of early germ cell development.
MATERIALS AND METHODS

Alkaline phosphatase staining of PGC's
The morning vaginal plugs were found was taken as 0.5 dpc. Embryos were dissected from the deciduae and DNA extracted from the yolk sac or the embryo proper was used for genotyping by PCR. Embryos were fixed in 4% paraformaldehyde for 2 h at 4 C. For whole mount staining, the embryos were processed as described (17) and stained with Fast Red (Sigma) (23) . For staining sections, the embryos were fixed, dehydrated, embedded in Paraplast X-tra (Fisher) at 54 C and mounted on silanated slides (Sigma). Sections were dewaxed in Histo-Clear (National Diagnostics, GA) rehydrated and stained with Fast Red.
Gene targeting
A 5.3 kb plasmid was isolated from a mouse genomic DNA library (14) using the Pog cDNA as probe. It cut with HpaI and religated to generate a 300 bp 'gapped' clone which was used for electroporation of AB1 ES cells. ES cells were selected with 0.35 mg/ml G418 and PCR was used to screen for targeted clones. The primers used for amplifying the 3 kb fragment in the screening were P3527, 5 0 -AGAAGAGCAGAATAG-CAGTTGTT-3 0 (from the targeting vector) and gap1 5 0 -ATGCTGCTGCTCACTTCTGA-3 0 (from the deleted 300 bp fragment). The primers used for amplifying the 2 kb fragment were Bzp1, 5 0 -CGGAAGAGCGCCCAATAC-3 0 (from the 
Genotyping
Mouse ear or tail pieces were digested in 50 ml of digestion buffer (10 mmol/l Tris-HCl, pH 9.0, 50 mmol/l KCl, 1.5 mmol/l MgCl 2 , 0.1% Triton X-100, 0.45% IGEPAL, 0.8 mg/ml proteinase K) at 55 C for 4 h to overnight. It was heated at 94 C for 10 minutes, centifuged at 10 000 g for 5 min and the supernatant used for PCR. Primers for amplification of goat b-globin DNA were gcd/intF, 5-CCT-GTGGAACCACACC TTG-3 0 and gcd/intR 
Histology
Tissue samples were fixed in Bouin's Solution (Sigma) and processed for routine histology. 8 ml sections were cut and stained with haematoxylin and eosin.
